INTRODUCTION
Transposable elements populate virtually every eukaryotic genome. Although their presence can impart some benefits, when not properly controlled, transposons can compromise the genomic integrity of their host and its offspring. Hence, in all higher animals there are control mechanisms in place that prevent wholesale transposon mobilization .
In Drosophila, the principal pathway that protects the inheritable genome is comprised of a catalog of small RNAs that interact with an animal-specific clade of Argonaute family proteins: the Piwi proteins . This pool of Piwi-interacting RNAs (piRNAs), which contains millions of distinct sequences bearing homology to transposable elements, functions as a molecular memory of transposon identity (Brennecke et al., 2007) . Using their bound piRNAs as a guide, Piwi proteins (Piwi, Aubergine, and Argonaute 3) recognize and silence their targets. Failure of this pathway leads to defects in germline development and to sterility (Khurana and Theurkauf, 2010) .
Genetic studies have uncovered a number of loci that are essential for the proper function of the piRNA pathway. Besides the core proteins of the Piwi clade, flamenco has long been implicated in transposon control. This discrete locus on the X chromosome of Drosophila was found to be a major determinant for silencing of the retroelement gypsy almost two decades ago, though its underlying molecular nature remained mysterious (Bucheton, 1995) . Sequencing small RNAs bound to Piwi proteins and mapping these sequenced reads back to the genome revealed the true nature of the flamenco locus. Rather than being a protein coding gene, the flamenco transcript is the precursor to the majority of piRNAs expressed in the follicle cells of the ovary (Brennecke et al., 2007) . This and other sites of abundant piRNA generation were termed piRNA clusters. What mechanisms mark flamenco and other cluster transcripts for processing into piRNAs remains largely unclear. Several studies have shed some light on this topic by identifying some of the protein factors that play a role in piRNA cluster transcription and transport. Rhino and Cutoff, as well as histone methylation marks deposited by Eggless (EGG), are necessary for cluster transcription (Klattenhoff et al., 2009; Pane et al., 2011; Rangan et al., 2011) . In addition, UAP56, a helicase implicated in splicing and RNA export, was found to bind a germline piRNA cluster RNA and may escort the transcript from the nucleus to the nuage for processing (Zhang et al., 2012) . Intriguingly, Rhino, Cutoff, and UAP56 all were reported to be specific to germline piRNA clusters, leaving factors involved in somatic cluster determination a mystery.
Mutagenesis screens for sterility phenotypes in Drosophila also highlighted factors that later were found to be elements of the piRNA pathway Wieschaus, 1989, 1991) . Molecular analyses have begun to place these factors at specific steps of the pathway, such as being required during the initiation and biogenesis phase or during the effector phase and silencing of transposons. However, very little is known about specific biochemical functions or enzymatic activities of the proteins that act at each step. One major insight came from the discovery of a trimming activity in insect cell lysates that shortens the 3 0 end of putative piRNA precursors to their mature length (Kawaoka et al., 2011) . However, the protein responsible for this activity remains unknown. Biochemical and structural studies of Zucchini (ZUC), which was previously implicated in the piRNA pathway, suggest it as a promising candidate for the nuclease that creates the 5 0 ends of primary piRNAs (Ipsaro et al., 2012; Nishimasu et al., 2012) . Whether Zucchini and a trimming enzyme together comprise the complete primary biogenesis machinery or other endo-or exonucleolytic cleavage events create intermediates that are further matured remains unknown.
Another enigmatic aspect of the pathway is precisely how Piwi-piRNA complexes silence their targets. In the case of somatic cells of the ovary, it has become clear that control of transposons occurs at the transcriptional level through Piwi-directed deposition of epigenetic marks. Recently, three conclusive studies showed that, upon Piwi depletion, transposons engage in active transcription and show a depletion of H3K9 trimethyl (H3K9me3) (Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski et al., 2012) . In one of these studies, the authors place Maelstrom (MAEL) at the effector step of transcriptional repression (Sienski et al., 2012) . Interestingly, loss of mael derepresses transposons without preventing H3K9me3 deposition, indicating that this modification may not be the definitive silencing mark. What the final silencing mark may be, and which proteins are responsible for establishing repressive chromatin marks over transposons, has yet to be determined.
Much of what has been learned of the piRNA pathway that operates in follicle cells relied on the use of a cultured ovarian somatic sheet (OSS) cell line (Niki et al., 2006) . This cell line expresses microRNAs (miRNAs), endogenous small interfering RNAs (endo-siRNAs), and piRNAs (Lau et al., 2009; Saito et al., 2009) . With an active siRNA and primary piRNA pathway in place, genetic requirements for primary piRNA biogenesis and transposon silencing can be investigated.
Here, we describe a genome-wide screen that builds a foundation for addressing many open questions relevant to piRNA biogenesis and effector functions. By individually assaying more than 41,000 long, double-stranded RNAs (dsRNAs), targeting every annotated gene in the Drosophila genome, and examining their effect on transposon expression levels, we describe a comprehensive genetic framework for transposon control. We reveal piRNA biogenesis factors and place proteins, which to our knowledge have not been implicated in the piRNA pathway, at the effector step.
RESULTS

An RNAi Screen for Elements of the Somatic piRNA Pathway
In order to assay transposon derepression upon knockdown (KD) of any given target gene, we established a sensitive assay for gypsy messenger RNA (mRNA) levels. Based on quantitative PCR (qPCR) with hydrolysis probes (TaqMan), this assay specifically detects the spliced subgenomic transcript of the retrotransposon ( Figure 1A ). The expression of this transcript is known to be highly sensitive to disruption of the piRNA pathway, even more so than its unspliced counterpart (Pé lisson et al., 1994) .
Knockdown of target genes was accomplished by transfecting dsRNAs from two independent genome-wide libraries with a total of 41,342 dsRNAs. The average count of dsRNAs per gene was 2.28, targeting 13,914 genes with valid IDs in FlyBase (McQuilton et al., 2012) . Additionally, the two libraries contained 1,045 negative controls, 2,097 dsRNAs without an annotated target, and 2,301 dsRNAs targeting the Heidelberg collection of predicted genes.
We transfected OSS cells with individual dsRNAs in 48-well plates, lysed the cells 5 days later, and used the lysate for reverse transcription ( Figure 1A ). The qPCR results were normalized to their respective plate using Z scores (Ramadan et al., 2007) . As a secondary metric, we calculated the fold change in relation to the median. The knockdown of piwi in this setting led to a gypsy mRNA signal that was detectable by qPCR much earlier than the average of the plate. In four biological replicates of piwi knockdown, the average normalized signal for gypsy was almost 5 SDs away from the median of its plate ( Figure S1A ). Hence, our assay for transposon derepression is both sensitive and robust, at least given that the RNA interference (RNAi) trigger is of good quality. When comparing several independent dsRNAs, we saw that there was considerable variance in this respect. dsRNAs against known components of the pathway, such as armitage (armi), led to consistent derepression of gypsy; however, levels varied from 25-to 70-fold ( Figure S1B ). Since we assayed several dsRNAs against each annotated gene, we felt confident that the majority of pathway components could be identified.
Out of 41,342 tested dsRNAs, 33,780 met our criteria for inclusion in our analysis; of these, 320 dsRNAs met the criteria for primary hit selection ( Figure 1B and Table S1 ). Included in this list were 18 dsRNAs without annotated targets, which were disregarded. All genes that were previously implicated in gypsy control were outliers in the primary screen ( Figure S1B ). Knockdown of pathway components such as capsuleen, hen1, egg, or squash was not expected to cause strong gypsy derepression based on existing literature and indeed did not cause derepression of gypsy in our assay (Olivieri et al., 2010; Rangan et al., 2011) . After choosing Z score and fold change cutoffs for hit selection based on 217 green fluorescent protein (GFP) negative controls, only 3 out of 645 (0.5%) additional negative controls scored as weak hits ( Figure S1C ).
To ask whether genes that affect transposon control show preference toward specific annotation groups, we performed functional enrichment analysis on our primary data set. After multiple testing correction, 215 functions were associated with transposon silencing (corrected p < 0.05), many with strong potential relevance and very significant enrichment (the top 20 functions have a corrected p < 1 3 10 À6 ; Table S2 ). Among the most significant, we find expected cellular components like the Yb body, but also more surprising functions like regulation of growth of symbiont in host. While genes implicated in the piRNA pathway drive several of these enrichments, all scoring highly in the primary screen, our candidate hits intersect with these in some of the enriched functions. For example, under dorsal appendage formation, smt3 (SUMO) joins armi and zuc (Nie et al., 2009) . Further work will be necessary to determine to what extent these unexpected intersections relate to biologically relevant connections. Next, we compared protein interaction data to the full-ranked fold change list. For every gene in the genome, the degree to which that gene's interaction partners scored highly in the fold change list was measured (as receiver operating characteristics [ROC] ). Of the top 20 genes with interaction partners significantly elevated in the fold change list, 18 are annotated as belonging to the proteasomal complex (which had 65 genes in total). This observation was remarkably significant (p < 1 3 10 À40 after multiple testing correction), which may be due partially to the correlated interaction profiles of the proteasome complex. The two remaining genes not belonging to the proteasomal complex were bx42, a homolog of mammalian Skip (SKI-interacting protein), a protein implicated in splicing, and calypso, a histone 2A deubiquitinase (Makarov et al., 2002; Scheuermann et al., 2010) . Both genes are highly expressed in ovaries, according to the modENCODE tissue expression data. Whether their interaction with particularly high scoring genes is indicative of any regulatory function remains to be tested. For all primary data points see Table S1 . See also Figure S1 .
In Vivo Validation of Primary Hits
288 of our primary hit candidates (Dietzl et al., 2007) . When crossed to females expressing a follicle cell-specific Gal4 driver (traffic jam), these hpRNAs can effectively knock down any given target gene within the same expression domain (Tanentzapf et al., 2007) . Using hpRNAs against aub as a negative control, we observed highly significant changes in gypsy expression by qPCR when knocking down armi ( Figure S2A ). We confirmed the effect on the piRNA pathway by measuring two additional transposons, ZAM and gypsy3. All known pathway components that were identified as primary hits were validated using this approach except for Piwi, which showed developmental defects upon knockdown ( Figure S2B ). Harnessing this in vivo system, we validated 87 out of the 288 primary hit candidates ( Figure 2A and Table S3 ). In order to be considered as validated, knockdown of the target gene had to result in upregulation of gypsy or ZAM by at least 2-fold. For crosses with male flies originating from the GD library (first generation) from VDRC, we used ZAM as a metric; for the KK library (second generation) we measured gypsy levels. This decision was based on the finding that negative controls from the GD library already showed higher basal levels of gypsy subgenomic transcript when compared to the KK library negative controls ( Figures S3A-S3C ).
Out of the 288 candidate hits, knockdown of 52 genes, including Piwi, led to such severe developmental defects that dissection of ovaries and confirmation of the initial screen result was not possible. However, several arguments can be made that this category harbors a substantial number of true hits. First, the genes in this category had an average gypsy fold change of 5.8 in the primary data set, as compared to 3.3 for the primary hits that failed secondary validation. This average fold change was even higher than the validated subset (5.1-fold). Since primary fold changes as well as Z scores are a function of precision (the likelihood of a primary hit to be validated), this is indicative of the biological relevance of these hits ( Figure S2C ). Second, while the nonvalidated genes had a representation count in the dsRNA libraries of 2.84, the developmental defect set had a count of 2.42, which is significantly different for the two sets (p z 0.0035, Wilcoxon test). Thus, the genes of the developmental defect category were disadvantaged according to their annotation class with respect to their possibility to be a primary hit by chance in comparison to the candidates that failed validation, yet they had a much higher average fold change.
Both the validated and developmental defect sets were significantly enriched for genes with higher expression levels in ovaries as compared to whole fly ( Figure 2B ). While knockdown of genes within the nonvalidated category only led to sterility of 9% of the crosses, the fraction was 16% for the validated and 94% for the developmental defect set ( Figure 2C ). The extreme phenotypes we observe in the developmental set could imply more generic functions for these genes than simply action in the piRNA pathway. Indeed, around 90% have an average of 17 physical interactors, which is significantly higher than the other categories ( Figure 2D ).
When ranked by their fold changes in the validation screen, the majority of the somatic piRNA pathway components were among the strongest hits (Table 1 ). However, genes that, to our knowledge, have not been implicated in the pathway, scored highly as well. nxt1, a nuclear export factor, ranks first with gypsy levels almost 2,500-fold higher than the negative control (Figure 2E) (Herold et al., 2001 ). In addition, depletion of NXT1 also led to sterility. Knockdown of the RNA helicase uap56, which acts in the same export pathway (Herold et al., 2003) , showed derepression of gypsy of up to 8-fold in the primary screen. First implicated in splicing, uap56 was recently shown to be involved in transport of the primary piRNA transcript of dual-stranded clusters to the nuclear pore (Zhang et al., 2012) . The knockdown of uap56 in follicle cells affected germline development to such an extent that in vivo verification of the primary screen results was not possible. We were able to validate another mRNA export factor, nxf2, which interacts with nxt1 (Table S3) (Herold et al., 2001) .
NXT1 was previously reported to affect interactions with the nuclear pore complex as well (Lé vesque et al., 2001) . Hence, the presence of several nuclear pore components within the top 20 hits is not surprising: both nup154 and nup43 knockdowns caused similar derepression of gypsy (Table 1) . Additionally, NUP154-deficient flies were sterile in our assay.
Another two genes ranking among the top 10 are uncharacterized as of yet: CG3893 and CG2183. CG3893 shows homology to mammalian GTSF1. Even though no direct link to the piRNA pathway has been shown, this germline-specific factor also seems to be indispensible for transposon control in mice (Yoshimura et al., 2009 (Chintapalli et al., 2007) . (C) The fraction of genes causing sterility upon knockdown is shown. Each small box represents one gene, with blue and red indicating if flies were fertile or sterile, respectively, upon knockdown. (D) The degree to which a gene may represent a node in a network in each of the classifications was measured by the number of physical interactors. Interaction data from BioGRID was used for this analysis (Breitkreutz et al. 2008) . (E) Components of the Drosophila sumoylation pathway, the nonspecific lethal complex, and proteins involved in nuclear export are primary hits that validate in vivo. WAH could not be validated in vivo because no RNAi fly was available at the time of submission (red asterisk). The text coloring of each gene indicates the result of the validation screen and is consistent with the categories in (A). See also Figure S2 . pathway in mice (Ma et al., 2009) and has now been validated as a piRNA pathway component in flies (Czech et al., 2013) . smt3 (SUMO), which was one of the highest scoring genes in the primary screen, could not be validated in vivo because of developmental defects that occured upon knockdown (Talamillo et al., 2008) . However, the depletion of its E1 activating enzymes AOS1 and UBA2 caused consistent transposon derepression in the validation screen (Table 1 and Figure 2E ). Knockdown of the E2 conjugating enzyme lesswright also caused developmental defects and could not be validated.
Another notable validated hit is windei (wde), which was previously reported as a cofactor of EGG in H3K9 trimethylation (Koch et al., 2009 ). While EGG depletion had no effect on gypsy expression in our assay, knockdown of wde caused derepression of gypsy, although to a lower extend than ZAM (Table S3) .
Additionally, two genes involved in transcriptional regulation were identified. MBD-R2 is part of the nonspecific lethal complex ( Figure 2E ) (Raja et al., 2010) . All members of this complex except for rcd1 scored in the primary screen. lin-52, which is part of the dREAM transcriptional regulator complex, also scored highly with gypsy and ZAM (Lewis et al., 2004) .
Characterization of Newly Described piRNA Pathway Components
In order to place some of the validated hits at particular steps within the piRNA pathway, we constructed RNA sequencing (RNA-seq) libraries from ovaries of biological replicates of tj-Gal4-driven hpRNA crosses. Mapping RNA-seq reads to transposon consensus sequences revealed the same levels of gypsy and ZAM derepression observed by qPCR ( Figure 3A) . When analyzed on a global scale, mainly transposons dominant within the somatic compartment of the ovary reacted significantly to the respective knockdown of the target gene in a tj-Gal4-dependent manner (false discovery rate [FDR] < 0.05) ). Transposons like HeT-A, roo, or Rt1b, which were previously shown to be germline dominant, did not change expression levels ( Figure 3A ) . The patterns of derepression that we observed in knockdowns of known components of the pathway (armi and mael) remarkably resembled those observed in CG3893 and wde knockdown.
We observed a similar behavior of CG3893 and known piRNA pathway components in their impacts on the expression of protein coding genes. While proteins like NXT1 or UBA2, with potentially more general functions beyond the piRNA pathway, impacted the expression of hundreds to thousands of genes, this was not the case for ARMI, MAEL, or CG3893, which show effects that are much more restricted to transposon transcripts ( Figure 3B ). We interpreted these results as an indication that CG3893 might act specifically within the piRNA pathway.
We further annotated validated hits based upon their impacts on piRNA levels. Interestingly, we saw a substantive drop in the abundance of piRNAs uniquely mapping to the soma-dominant flamenco piRNA cluster in the nxt1, uba2, and wde knockdowns ( Figure 4A ). To avoid skewing this result based on normalization to a piRNA-producing locus, which theoretically should not change in soma-specific knockdowns (i.e., cluster 1/42AB), we examined the rankings within each library of piRNA clusters based on the overall abundance of corresponding piRNAs. Given should change their ranking. Validating this approach, we observed that in the armi knockdown, flamenco was the tenth most abundant cluster while it was the third most abundant in total RNA libraries from negative-control ovaries. Conversely, 42AB and X-upstream (cluster 20A) remained at the top of the list in all tested knockdowns ( Figure 4B ). The two genes that mirrored armi are nxt1 and uba2. wde and lin-52 showed changes in flamenco piRNAs that altered its ranking, but not to the same extent. In none of the knockdowns did the length profiles of the remaining piRNAs from flamenco change ( Figure 4C ). When compared to their negative controls, piRNA levels did not change in the mael and CG3893 knockdown. The same conclusions could be drawn when mapping to transposons consensus sequences: antisense populations of piRNAs with homology to soma-dominant transposons showed severe reductions in the nxt1, uba2, and wde knockdowns, which resembled patterns seen for the biogenesis factor armi ( Figure 4D ). Depletion of mael, lin-52, or CG3893 did not show the same effect. Intriguingly, in the case of lin-52 this did not coincide with the effects seen for flamenco mappers. None of the assayed knockdowns showed any changes in mature miRNA levels, indicating that the observed effects were specific to the piRNA pathway and not a general trend of all small RNA populations ( Figure S4 ).
CG3893 Is Indispensible for Transposon Silencing in the
Germline piwi and mael have recently been shown to silence transposons in the somatic compartment of the ovary through effects on transposon transcription (transcriptional gene silencing or TGS) (Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski et al., 2012) . CG3893, displaying patterns in global transposon derepression similar to mael and unaffected mature piRNA populations, appeared to be a promising candidate for a pathway component acting at the TGS effector step. CG3893, a $20 kDa protein, is a member of a family of proteins with unknown function (UPF0224), characterized by the presence of highly conserved zinc finger domains ( Figure 5A ). All five proteins of this family are weakly expressed in OSS cells and show germline-specific moderate to high expression in the ovary ( Figure 5B , modENCODE tissue expression data [Graveley et al., 2011] ). Out of all five members of the family, only CG3893 showed strong effects on transposon mRNA abundance when knocked down in OSS cells ( Figure 5C ).
In order to obtain an additional model for a loss of function of CG3893, we searched for available transposon insertion lines. We investigated two available lines (204406, Kyoto Drosophila Genetic Resource Center [DGRC]; 22464, Bloomington Drosophila Stock Center at Indiana University). Line 204406 has a P element insertion into the first exon of CG3893, disrupting its N-terminal CHHC zinc finger domain ( Figure S5A ). Consistent with the insertion site, we identified truncated CG3893 mRNAs by RNA-seq in libraries from homozygous animals. The levels of CG3893 mRNA expression were also reduced in animals homozygous for this mutation when compared to heterozygous siblings. The results obtained by RNA-seq were confirmed by qPCR ( Figure S5B ). The second line (22462) has a P element insertion upstream of the first exon in either the promoter or the 5 0 untranslated region Color of the bars represents the significance of these fold changes and is indicated as an adjusted p value (FDR). Green indicates highly significant differences (p % 0.05), yellow indicates moderately significant changes (0.05 < p % 0.1), and red indicates nonsignificant changes (0.1 < p % 1) based on two biological replicates. Each knockdown is normalized to aub knockdown controls from their corresponding library (GD or KK). For differences in transposon abundance levels between both aub controls see Figure S3 . (B) The number of genes differentially expressed (adjusted p < 0.05) in each knockdown with respect to the control is shown. Green bars indicate the number of genes that have higher expression levels in the knockdown fly line, while red bars designate the number of genes with higher levels in the aub negative control.
(UTR) of CG3893. Our RNA-seq data in control flies indicated a slightly extended CG3893 transcript when compared to the gene model presented in FlyBase. Even though this insertion is not in any coding sequence, the observed phenotypes were severe: homozygous females were completely sterile and characterized by a complete absence of ovarian structures. This correlated with undetectable levels of CG3893 transcript when assayed by qPCR, indicating a complete loss of function ( Figure S5B ). The phenotypes observed in females homozygous for the first insertion (204406) were milder, with ovaries developing to a rudimentary stage ( Figure 5D ). Nevertheless, this potentially hypomorphic mutation caused females to be sterile, demonstrating the negative impact of the insertion on CG3893 function.
According to our current model of transposon silencing as a nuclear phenomenon, effectors at this step are expected to be nuclear as well. The mouse homolog of CG3893, Gtsf1, is re- ported to be mainly cytoplasmic in adult testes (Yoshimura et al., 2007) . However, when overexpressed in OSS cells, GFP fusion proteins of CG3893 colocalized with Piwi in the nucleus ( Figure 5E ). Our results to this point demonstrated the involvement of CG3893 in the somatic compartment of the ovary. In order to investigate its role in all tissues of the female germline, we generated RNA-seq and small RNA libraries from females heterozygous and homozygous for the exonic P element insertion. RNA-seq revealed a remarkable change in global transposon expression. Almost all classes of annotated transposons populating the Drosophila genome, except for the P element itself, showed upregulation in homozygous females when compared to their heterozygous sisters ( Figure 5F ). This derepression effect was equally strong for germline-and soma-dominant transposon classes. Yet, when mapping antisense piRNA reads to transposon consensus sequences, we see no change in the homozygous animals ( Figure 5G) .
Three recent publications demonstrate not only that piRNAmediated transposon silencing is a nuclear phenomenon occurring through TGS, but also that it acts through deposition of silencing H3K9 trimethyl marks on active copies of transposons (Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski et al., 2012) . Given its potential involvement in this step, we investigated the effects of CG3893 disruption on this histone mark by performing chromatin immunoprecipitation sequencing (ChIP-seq) analysis for H3K9me3 in ovaries from heterozygous and homozygous females. Strikingly, homozygous females showed a marked reduction of H3K9me3 levels over a subset of peaks identified in heterozygous animals. These differential peaks overlapped with fulllength insertions of both germline-and soma-dominant transposons while neighboring peaks over transposon fragments did not change ( Figure 5H ; fragments correspond to accord2 and diver, center panel). We also observed the same changes when we mapped to consensus sequences of the corresponding transposon families, thereby aggregating signal from all genomic insertions ( Figure 5H ). We found that 75% of all peaks showed lower levels of H3K9me3 deposition in homozygous flies, with 28 peaks exhibiting a reduction to less than 50% of the read density compared to heterozygous siblings ( Figure S5C ). These peaks corresponded mostly to retrotransposons (LTR, LINE), while none of the peaks over DNA elements were affected. However, the loss of H3K9me3 in homozygous mutant animals was not exclusive to transposable elements, as a limited number of protein coding genes, such as CG8964, showed similar patterns ( Figure S5D ). Our RNA-seq data were in accordance with this finding: the CG8964 transcript was increased $26-fold in homozygote versus heterozygote flies. Whether this effect is due to effects on a transposon insertion within its genomic locus or within another gene that controls CG8964 expression, or whether this represents a piRNA-independent function of CG3893, remains to be seen. Because of its small size, yet powerful role in transposon silencing, we name CG3893 asterix (arx).
DISCUSSION
We are just beginning to understand the precise molecular steps necessary for piRNA biogenesis and successful silencing of transposons. In an effort to shed light on all aspects of the pathway, from piRNA biogenesis to the effector mechanisms of transposon control, we performed an unbiased, genomewide RNAi screen in cultured ovarian somatic cells. The primary in vitro screen proved to be a robust and specific assay for transposon derepression, with all expected piRNA components scoring strongly. To assess the validity of the primary data set, we tested our top candidate hits for effects in vivo. In order to make this resource more accessible to the scientific community, we created a web resource with all primary and validation data points (http://somatic-pirnascreen.cancan.cshl. edu/).
Within our list of 87 validated genes, we have promising candidates for filling almost every gap in our current understanding of the piRNA pathway ( Figure 6 ). For example, the identified RNA export factors and nucleoporins could act in the export of primary cluster transcripts to the cytoplasm. We also identify genes that are likely to affect transcription of these piRNA precursors. WDE was shown to be a cofactor of eggless, a gene required for transcription of clusters (Koch et al., 2009; Rangan et al., 2011) . While depletion of EGG did not result in mobilization of gypsy (as previously shown), wde knockdown led to high levels of gypsy expression, hinting toward a role for WDE independent of EGG. lin-52 was previously described as a transcriptional activator of Piwi (Georlette et al., 2007) . However, Li et al. (2013) recently showed that A-MYB, which provides activity orthologous to the dREAM complex in mice, controls the expression of key pathway components as well as piRNA precursor transcripts.
Following nuclear export, piRNA precursors have to be further processed by an endonuclease to create the 5 0 end of the mature piRNA. ZUC, which was recently shown to be a cytoplasmic, single-stranded RNA-specific endonuclease, is the most likely candidate for this function (Ipsaro et al., 2012; Nishimasu et al., 2012) . The fact that we do not identify any other annotated endonuclease with comparable derepression phenotypes in our screen supports the role for ZUC in this step. Ribonuclease (RNase) P and RNase Z, both endonucleases implicated in transfer RNA (tRNA) processing, did score in the primary screen but could not be validated in vivo because of their severe developmental defects (Dubrovsky et al., 2004; Frank and Pace, 1998) . After 5 0 end formation and loading into Piwi, each piRNA is proposed to be further trimmed to its mature length. The only genes exhibiting exonuclease activity and scoring highly in our screen were csl4 and rrp6, both components of the exosome (Andrulis et al., 2002) . However, neither of the two genes could be validated in vivo due to arrested gonadal development in knockdowns.
Transcriptional silencing of transposons through Piwi is a nuclear process, and previous data have demonstrated that unloaded Piwi remains in the cytoplasm (Saito et al., 2010) . One protein possibly involved in reimportation of loaded Piwi is Karybeta3, a homolog of Importin 5 (Mosammaparast and Pemberton, 2004) , which emerged as a hit from our screen.
Upon reentry into the nucleus, Piwi is able to recognize transcription of active transposons through its bound piRNA and consequently silence them (Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski et al., 2012) . So far, only Piwi itself and MAEL have been implicated in this step. With Asterix, we present a component of the nuclear piRNA silencing machinery that is indispensible for transcriptional repression. However, even though we see lower levels of H3K9me3 in mutant animals compared to heterozygous siblings, Asterix most likely is not directly responsible for depositing these marks. The only conserved domains within the protein are predicted to be RNA binding (Andreeva and Tidow, 2008) . This still leaves a need for identifying chromatin remodelers and histone methyltransferases (HMTs) that act as piRNA effectors in TGS. No annotated HMTs were hit in the screen; specifically, disruption of Su(var)3-9, which was recently implicated in epigenetic programming directed by piRNAs, did not lead to any significant transposon derepression, suggesting a possible redundancy in proteins that act in histone methylation (Huang et al., 2013) .
Elongation factors also have been shown to play a role in chromatin modification. The elongation factor SPT6, which interacts with the nuclear exosome, emerged as another validated hit of the screen (Andrulis et al., 2002) . Indeed, data from fission yeast implicated Spt6 in the silencing of heterochromatic repeats (Kiely et al., 2011) . In the spt6 mutants, decreased recruitment (legend continued on next page)
Molecular Cell
A Genome-wide Screen for piRNA Pathway Components of the CLRC complex led to loss of H3K9me3 and, as a consequence, lower occupancy of the HP1 homolog Swi6. Cul-4, a homolog of a CLRC member in yeast that is involved in histone methylation in Drosophila, was a primary hit in the screen but led to developmental defects during validation (Higa et al., 2006; Hong et al., 2005) .
Another validated hit involved in chromatin remodeling was mi-2, yet its knockdown only led to modest effects on transposon derepression (Brehm et al., 2000) . Heterochromatin protein 1 (HP1), which interacts with Piwi, could not be validated due to developmental defects (Brower-Toland et al., 2007) . Intriguingly, MI-2 and HP1 are both sumoylation substrates, implying a function for SUMO beyond the one in piRNA biogenesis demonstrated here (Nie et al., 2009) .
In summary, our unbiased, genome-wide approach was successful in identifying likely candidates to fill in many of the gaps in our understanding of the molecular mechanisms of transposon control in Drosophila. Together with the findings of a transcriptome-wide screen for germline piRNA pathway components done in parallel (Czech et al., 2013) , which showed substantial overlap with the top hits of our screen, we are confi- Figure 2 ; Pol2, RNA polymerase 2; red hexagons represent H3K9me3). Red asterisks denote genes that validated in the germline screen done in parallel (Czech et al., 2013). dent to have identified a comprehensive set of pathway components, which to our knowledge have not been implicated in the piRNA pathway. Our data support the current view that the piRNA pathway is the major pathway exerting transposon control, given that both the primary and validation screens were dominated by known components of the piRNA machinery. Our meta-analysis on the primary data set as a whole, as well as the list of validated genes, will provide a resource for the field in efforts toward a greater depth of understanding of piRNA production and the mechanisms by which piRNAs silence transposons.
EXPERIMENTAL PROCEDURES
Cell Culture OSS cells were cultured as previously described and transfected using Xfect Transfection Reagent according to manufacturer's guidelines (Clontech 631317) (Niki et al., 2006) .
DNA Plasmids
Expression vectors of CG3893:GFP, RFP:Piwi, and RFP:DNTPiwi were made using the Drosophila Gateway Collection.
Imaging of Fluorescent Fusion Proteins in OSS
OSS cells were cotransfected with plasmids expressing the indicated fusion proteins using Cell Line Nucleofector Kit V (Amaxa Biosystems; program T-029). Fixed cells were stained with Hoechst 33342 (Invitrogen, R37601).
RNAi Libraries
Two Drosophila dsRNA libraries were used in this study: the Open Biosystems Drosophila RNAi Collection and the Drosophila RNAi Screening Center Genome-wide RNAi library (DRSC 2.0).
RNAi Screening
A detailed description of the primary screen can be found in the Supplemental Experimental Procedures. A basic workflow is shown in Figure 1A . All primers used are listed in Table S4 .
Drosophila Stocks and Husbandry
Fly stocks are listed in the Supplemental Experimental Procedures. A description of husbandry and validation screen procedures can be found in the Supplemental Experimental Procedures.
RNA Isolation and qPCR Assays
Total RNA from ten ovaries was extracted with Trizol and purified by organic extraction followed by isopropanol precipitation. After DNase treatment, complementary DNA (cDNA) was synthesized from 800 ng RNA using oligo dT primers and SuperScript III Reverse Transcriptase (Life Technologies). qPCR was performed to assay levels of gypsy, ZAM, gypsy3, and rp49. Fold changes for transposons were calculated using the delta Ct method (Livak and Schmittgen, 2001 ). All primers used are listed in Table S4 .
RNA-Seq and Analysis
For RNA-seq libraries, 2.5-5 mg of total RNA was depleted of ribosomal RNA using the Epicentre Ribo-Zero rRNA Removal Kits (Human/Mouse/Rat) following the manufacturer's directions. Libraries were prepared using the Illumina ScriptSeq v2 RNA-Seq Library Preparation Kit and were sequenced on an Illumina HiSeq platform. Details on analysis can be found in the Supplemental Experimental Procedures.
Small RNA Cloning and Analysis
For small RNA libraries, total RNA was depleted of 2S rRNA, and libraries were constructed using the Illumina TruSeq small RNA Sample Preparation Kit following the manufacturer's protocol. Details on analysis can be found in the Supplemental Experimental Procedures.
ChIP-Seq
ChIP from 50 ovaries was done as described in Ram et al. (2011) and Garber et al. (2012) , with some modifications. Details on the methodology and analysis can be found in the Supplemental Experimental Procedures.
Statistical Procedures
Details on enrichment analysis and statistical procedures can be found in the Supplemental Experimental Procedures.
ACCESSION NUMBERS
RNA-seq, ChIP-seq, and small RNA data have been deposited in the Gene Expression Omnibus database under accession number GSE46009.
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, four tables, and Supplemental Experimental Procedures and can be found with this article online at http://dx. doi.org/10.1016/j.molcel.2013.04.006.
